The development of the molten carbonate full cell (MCFC) has been hindered partly by problems associated with the oxygen cathode. The severe material problems associated with the oxygen reaction, particularly at the high operating temperatures (>600~ of the MCFC, the complexity of the 02 reduction reaction and the polarization losses caused by the slow kinetics of this reaction are some of the crucial problems that have to be resolved in order to develop an effective and efficient oxygen cathode as an integral part of the MCFC. The basis for resolving these * Electrochemical Society Active Member.
problems lies in the elucidation of the kinetics of the cathode reaction.
Efforts to elucidate the kinetics of the oxygen cathode in the MCFC have been in progress since the early 1970s. However, to date, the actual nature of the reaction mechanism has not been fully resolved. Appleby and Nicholson gave evidence that (1) (2) (3) (4) oxygen dissolves in alkali carbonate melts primarily as a mixture of peroxide (OF) and superoxide (O~) ions; the relative amounts of these ions depend strongly on the composition of the alkali carbonate melt. The presence of peroxide ions has been confirmed in pure Li2CO3 or Li-rich melts (2); whereas superoxide ions have been observed to be the dominant species in K-or Na-rich melts (3) (4) (5) . Evidence for this is provided by the thermodynamic studies of chemical equilibria in alkali carbonate melts (7) . As a consequence of this, two reaction mechanisms based on the presence of the peroxide and superoxide species in the melt have generally been postulated for oxygen reduction in alkali carbonate melts (8, 9 In addition, a third mechanism, "the percarbonate mechanism," based on the hypothetical percarbonate ion, has occasionally been considered in the literature (8, 9) . However, none of these mechanisms has been found to be unambiguously consistent with experimental results, especially those from porous electrodes.
Conflicting conclusions persist in the literature about the dominant species in alkali carbonate melts, the true nature of the reaction mechanisms, and the values of the kinetic parameters. For example, Appleby and Nicholson (4) considered that peroxide and superoxide ions are reduced successively by a 2e-and ale-step in Li/K and Na]K carbonate melts whereas Vogel et aL (6) concluded that the reduction appears to be complete in a single superoxide wave by a 3e-process in Li/K melt. The exchange current densities evaluated by Lu (10) , Yuh (8) , and Uchida et al. (11) for the O2 reduction reaction at a gold electrode in Li/K melt by the potential-step method were two orders of magnitude greater than the values obtained by Appleby and Nicholson (4) using potential sweep. The reported reaction orders for Oz and CO2 also vary (5, (12) (13) (14) . Yuh (8) found the oxygen cathode to be under mixed reaction control, while other investigators have analyzed their results either in terms of a fully reversible process (3, 11, 15) or as one with completely irreversible kinetics (6, 7, 16) . The reason for the conflicting results can partly be attributed to the basic assumptions made in analysis of the results. For example, even if the peroxide or superoxide ion is the dominant species in the melt, both species should be taken into consideration in the analysis of the results, since they may be involved successively. Similarly, completely reversible or irreversible kinetics should not be applied in the analysis of the results when mixed kinetics may best describe the data.
The complexity of the sequence of reactions at the O2 cathode makes the traditional approach of deciphering the kinetics of this reaction system solely via experimentation very cumbersome. Computer simulation provides a rapid and direct way of gaining insight into the behavior of such a complex reaction system. Digital simulation can complement experimentation by (i) defining a priori the parameters necessary for the efficient design of experiments, and by (ii) serving as an important diagnostic toot in the analysis and interpretation of experimental data.
In this paper, the reaction sequences for oxygen reduction in MCFC are simulated under conditions similar to those employed experimentally using bulk melts. The simulations were carried out at a rotating disk electrode (RDE), primarily because of its well-defined hydrodynamics and ease of modeling (17) . The conditions in a porous electrode are simulated by allowing the effective molecular dioxygen concentration to vary outside the diffusion layer to simulate a gas atmosphere. Therefore, the objectives of this work are to predict (t) the effect of the autocatalytic and the neutralization reactions on the polarization curves, (ii) the effect of different cations and their compositions in the melt on the polarization data, and (iii) the effects of dissolved gases (molecular oxygen and carbon dioxide) on the steady-state polarization currents.
Model Development
Kinetic modeL--The kinetic model combines the 2e-reduction of O~ with the te-reduction of OF ions proposed by Appleby and Nicholson (3, 4) . The first step in this model involves the chemical dissolution of oxygen in the melt to form peroxide (OF and superoxide (OF) ions, as in equilibrium reactions [1] and [2] 1/2 O2 + CO2 + 2e-~ CO~ [7] It must be noted that the sum of reactions [1] and [2] leads to the usual representation of the superoxide formation reaction in Eq.
[2A]
The OF and OF species formed at the electrolyte-gas interface then diffuse to the electrode surface where they are reduced by the electrochemical reactions in Eq. [3] and [4] . The oxide ions (O =) formed in reaction [3] can be neutralized by dissolved CO2 in the melt according to reaction [6] . However, this neutralization reaction has been found to be slow and may possibly be rate limiting (10) . Therefore, a buildup of O = ions in the vicinity of the electrode may occur leading to changes in the acid-base properties of the melt and, consequently, to changes in the local electrode potential (2) (3) (4) . A presence of dissolved oxygen (02) in the melt can lead to an autocatalytic reaction involving dissolved oxygen and a reducible oxygen species such as O = in the melt as represented by Eq. [5] . There is as yet no evidence to support the presence of dissolved oxygen in bulk melts (1, 5) . However, the situation may be quite different in porous electrodes where the dissolution zone for molecular oxygen in the melt could extend into the thin electrolyre film/meniscus in contact with the catalyst layer. For the bulk melt case, it is assumed that all of the oxygen that dissolves in the melt reacts immediately with the melt according to Eq. [1] and [2] at the melt-gas interface, so that no dissolved oxygen would exist in the reaction zone. Both this case, as well as the more general case where some unreacted dissolved oxygen exists in the bulk electrolyte which perhaps occurs in porous electrodes, are considered here. The sum of the sequence of reactions in Eq.
[1]- [6] yields the half-cell reaction in Eq. [7] for the overall reduction of oxygen in the molten carbonate fuel cell. The model equations for the kinetic rate processes are given below. Reactions [1] and [2] are assumed to be very rapid and therefore, they can be represented by the equilibrium expressions in Eq. [8] and [9] , respectively 2 2 Ki -Pc~176
The homogeneous reactions occurring in melt are represented by the following rate equations where the net rate of consumption/production of a species i involved in the homogeneous reactions is denoted by R, = ~, s~r~ [11] 2
The derivation of the kinetic rate expressions for the electrochemical reactions in Eq. [3] and [4] 
The overall current density is the sum of the partial current densities in Eq. [A-22] and [A-24] , that is i = i~ + i4 [12] The above rate expressions are assumed to occur in K-rich or Na-rich carbonate melts such as Li/K, Li/Na/K, Li/Na, and Na/K, in which both O{ and 02 species are known to exist (7) . On the contrary, only C{ species have been established to be present in Li2CO3 melts (2) . Therefore, the following reaction sequence was proposed for Li2CO3 1/2 O2 + CO~ + 2e-~-CO{ [7] Material balance equations at the RDE.--A mass balance on species i within the diffusion layer of a RDE yields (18) @C, -V. N, + R, [13] ot where the flux of species i is given by the sum of the migration, the diffusion, and the convection terms
Substitution of the y-component of N, in Eq. [14] into Eq. [13] with further simplification (17, 18) leads to the final one-dimensional material balance equation [15] where R, has been defined previously. The dimensionless distance is defined as = Y/SD [16] where y is the normal distance from the electrode surface, and 8D is the diffusion layer thickness which is related to the rotation speed of the electrode by the relation (18) (3DR] 1/3
The initial conditions are at t = 0 and ~ -> 0 c, = C,,b~k and r --fI)re [18] and the boundary conditions are as follows at ~ = 2 and t > 0 c, = C,,b~k and 9 = (P~e [19] where c~,b~k is assumed to be equal to C,,r~f. At the electrode surface for t > 0, as ~ --> 0, <P ~ r and
Steady-state results are obtained by equating the left-hand side of Eq. [13] to zero, that is
The bulk concentration of dissolved 02 and CO2 in the melt is determined by Henry's law cl = H,p, [22] whereas the b~lk concentrations of O~ and Of species formed by the chemical dissolution of 02 in the melt are determined by the equilibrium relations established in Eq. [8] and [9] (5, 6). The bulk concentration ofO = species is calculated from Eq. [6] under equilibrium conditions. Thermodynamic information on the standard electrode potentials for the electrochemical reactions and the equilibrium constants for the chemical reactions were obtained from the free energy calculations for these reactions. The electrode potential of the reference oxygen electrode (33% O2:67% CO2 mixture) at 750~ in various carbonate melts was calculated from the free energies of formation (19) (where M stands for Li, K, or Na) were calculated using the free energy data from the JANAF tables (19) (assuming the ideal mixing rule). Next, the standard electrode potentials for the electrochemical reactions were calculated with respect to the reference oxygen electrode in the same melt. The free energies of MO2, M202, and M20 in the liquid state are not available and therefore, the solid-state values were used as an approximation. The free energy of formation of LiO2 is also not available. It was estimated from the solubility data of oxygen in fused Li/K carbonate (20) as -184.87 KJ/mol at 1023.15 K. The validity of this value was checked by applying the fact that if a ternary compound lies on a known pseudo-binary tie line within a ternary system, it could be possible to extract that compound's minimum or maximum allowable free energy from the free energies of the two other compounds lying along the same pseudo-binary tie line (20) . From Eq. [23] and [25] , with M = Li, the maximum and minimum allowable free energies of formation were estimated as -158.23 and -207.16 KJ/mol. The estimated value of -184.87 KJ/mol lies within this range.
The solution of the model equations was carried out by casting the governing equations in the finite difference form and solving the resulting algebraic equations by Newman's technique (21) . The solution yields the potential and the concentration profiles of reacting species in the diffusion layer, and the partial current densities at the electrode surface. Table I lists the thermodynamic and kinetic parameter values used in the simulation. Figure 1 shows a plot of the Pi (atm) 0.90 0.10 current density vs. the applied potential in the steady state, in the absence of dissolved molecular 02 in the diffusion layer region. The contribution to the total current due to the reduction of Of and OF species in the melt is reflected in the partial current density plots in Fig. 1 . The dashed curve represents the 2e-reduction of O~ species and the dotted curve represents the le-reduction of OF species. The net current density (the solid line) is the sum of the two reactions, which is the same as the 3e-reduction of O~ to O=. The current density due to the reduction of O~ by reaction [4] in the limiting region is about twice that due to the reduction of OF by the le-process in reaction [3] . The predominant diffusing species in this melt calculated from the equilibrium relations established in Eq. [1] and [2] is the OF species. Assuming the diffusion coefficient for O~ to be the same as that for O~ ions, then one would expect the limiting current density of reaction [3] to be greater than that for reaction [4] . However, the reverse situation occurs in this case, as confirmed by the partial current density plots in Fig. 1 . This suggests that either OF is acting as a reservoir for Of species or the product O~ species of reaction [3] reacts further at more negative potentials to enhance the limiting current of the peroxide reaction. It is likely that both processes might be taking place. Appleby and Nicholson (3, 4) concluded from the analysis of potential scan results in Na/K melt that the O~ species produced by the partial reduction of OF ions in Eq. [3] are not reduced further to O= because of the accumulation of the latter species in the vicinity of the electrode, with consequent shift in the local electrode potential. The accumulation of O ~ ions in the vicinity of the electrode in this melt was attributed to the slow neutralization reaction in Eq. [6] . While this seems to be the case under unsteady-state conditions, in the steady state there is sufficient time for neutralization to take place at least in Li/K melt. The experimental results of Vogel et al, (6) suggest that reduction of 02 in 62:38 Li/K carbonate melt occurs predominantly by the reduction of OF ions in a single wave. These authors interpreted their results (6) in terms of a complete reduction of OF ions by a 3e-process in a single wave, corresponding to the solid curve in Fig. 1 . However, the likelihood of OF species being reduced by a 3e-process in a single step is remote. Therefore, a multi-step electrode process such as that outlined in this work (reactions [3] and [4] ) is more appropriate.
Results and Discussion
The presence of dissolved molecular 02 outside the diffusion layer region of the melt, corresponding to a possible porous electrode model, significantly enhances the cathodic currents particularly in the mass-transfer limiting region. In Fig. 2 , the ratio of the limiting current in the presence and absence of simulated dissolved molecular oxygen for the electrode reactions in Eq. [3] and [4] , respectively, is approximately the same. This indicates that physically dissolved oxygen in the melt influences the reduction of both Of and OF species to the same extent. Figure 3 shows the steady-state current density change as the simulated Henry's law constant for oxygen is allowed to vary outside of the diffusion region. The higher the concentration of dioxygen outside of the diffusion layer region, the greater the reduction current. The observed enhancement in reduction currents with increase in the partial pressure of oxygen above the melt (4, 10, 22 ) is attributed to the effect of chemical dissolution of oxygen. On the other hand, a comparison between shielded and unshielded working electrodes has shown that the enhancement of the reduction current can be attributed to a direct reduction of oxygen through the meniscus/film on the unsheathed electrode (22) . These results emphasize the significance of physically dissolved, unreacted oxygen in the diffusion layer region of the melt, which may be particularly important in porous electrodes. Figure 4 shows a plot of predicted values of log current density vs. the concentration of the dissolved gases (02 and CO2) in the near-reversible (Eappl. =-0.2V) and masstransfer limiting regions (Eappl. = -1.00V). The slopes of the lines for oxygen are + 0.39 in the near-reversible region and +0.14 in the mass-transfer limiting region. The small positive reaction order with respect to oxygen is in agreement with some experimental results in carbonate melts (3, 10); however, it should be noted that the claim that the slope is constant in Fig. 4 for oxygen reduction in the masstransfer limiting region is speculative.
Reaction orders of + 0.27 and -0.12 are shown for CO2 in the near-reversible and limiting current regions in Fig. 4 . This is in agreement with Appleby's and Nicholson's (3) experimental observations of a negative slope and positive slopes in the high and low over-potential regions, respectively, in ternary Li/Na/K and in binary Na/K carbonate melts for peak current vs. COs partial pressure. Figure 5 shows the effect of changing the concentration of dissolved carbon dioxide on the steady-state polarization curves. The polarization current is enhanced significantly in the near-reversible region as the concentration of CO2 in the melt increases. However, in the mass-transfer controlled region, the limiting current density decreases with a rise in the concentration of dissolved COs. The opposite effect is observed when the CO~ concentration in the melt decreases. Lu (10) reported that feed gases with low CO2 or low O2 content will tend to cause high overpotentials at the cathode. This observation is in agreement with the results in Fig. 5 . The simulated polarization curves in the presence of dissolved CO2 can be explained by increasing the neutralization rate of oxide ions according to reaction [6] as CO2 concentration is allowed to increase. The neutralization of oxide ions decreases the basicity of the melt and results in a shift of the reduction potential of reaction [4] to more anodic potentials. This facilitates the reduction of O~ ions, in particular the peroxide product of reaction [3] , giving higher current densities. At low concentrations of CO2 in the melt, the neutralization of oxide ions is slow, which causes a displacement of the local reduction potential of peroxide ions to more negative potentials. As a result, the peroxide product of reaction [5] is not further reduced, leading to lower current densities. In the mass-transfer control region, the neutralization reaction exerts less influence on the limiting currents. The limiting current densities then depend predominantly on the bulk concentration of O~ and OF ions in the melt. From the equilibrium expressions in Eq. [8] and [9] , these concentrations depend negatively on the partial pressure of CO2. Therefore, high CO2 concentrations result in lower limiting currents, whereas low CO2 concentrations result in higher limiting currents.
The simulated effect of changes in the autocatalytic reaction rate (i.e., enhancement of dioxygen ion concentration unneutralized as O= increases in the presence of molecular oxygen) on the polarization curves is shown in Fig. 6 by allowing the molecular concentration outside of the diffusion layer to vary, simulating the porous electrode case. The enhancement in current density is particularly promi- nent in the mass-transfer limiting region, and less so in the near-reversible region. High rates of the autocatalytic reaction, Eq. [5] , favor the consumption of O = ions and the formation of O~ species in the melt. The O~ from reaction [5] is reduced in reaction [3] , thus enhancing the current density. On the other hand, a consumption of oxide ions in reaction [5] results in a lowering of the local reduction potential for peroxide in Eq. [4] , so that the increased amount of O{ formed via reaction [3] is further reduced in reaction [4] , giving an increase in current density. The overall effect is a significant enhancement of the current density at high rates via the autocatalytic reaction, which should be important in porous electrodes. Figure 7 shows the effect of varying the rate of the oxide neutralization reaction on the polarization curves. These are characterized at high neutralization rate constant values by a current density enhancement in the kinetic control region and a corresponding decrease in the masstransfer control region. The reverse situation would be observed at low neutralization rate constant values. Hence, if the neutralization reaction is slow and possibly rate-determining, overpotential in the kinetic control region will be considerable. As expected, the effect of the neutralization rate constant on the polarization curves is similar to that of CO2 concentration. However, there is less variation in the overall range of current density in this case than would be expected if the concentration of CO~ is allowed to vary.
The simulated polarization curves in various carbonate mixtures ( Fig. 8 and 9 ) illustrate the effect of the cations present in the melt. The partial pressures of O2/CO2 are assumed to be the same level for all melt compositions. As a first-order estimate, the kinetic parameters were assumed to be the same for each melt except in LiCO3 where only O{ is the dissolved dioxygen ion. Figure 8 shows the case where dissolved molecular O2 is negligible outside of the diffusion layer region, whereas Fig. 9 corresponds to the case where dissolved molecular O2 is present. Both groups of polarization curves are similar; the major difference is the expected enhancement of the current densities for the latter case. The curves indicate that polarization of the MCFC cathode is dependent on the melt composition. As expected, the polarization curve in Li2CO3 shows only one limiting current, whereas those for other melts appear to show two limiting current regions; the first occurs near the open-circuit potential and corresponds to the reduction of O~ = species, the second occurs in the more cathodic potential region corresponding to the reduction of OF. The first limiting current is not well defined in most cases and overlaps the second limiting current, as in the Li/K melt. However, two distinct limiting current regions can be observed in NaJK carbonate melts, in agreement with the results of Appleby and Nicholson in Li/K, Na/K, and Li carbonate melts (2-4).
Thermodynamic calculations indicate the equilibrium concentration of O~ is in the order K > Na > Li, whereas the concentration of O = is the reverse. Thus, K-or Na-rich melts produce the highest concentration of OF. It is apparent that the higher the concentration of OF in the melt, the higher is the limiting current density. Consequently, the Li2CO3 melt, where only O3 is present, will show the lowest limiting current density. Thermodynamic calculations also indicate that reduction of O{ ions occurs at more anodic potentials than that for OF. Hence, kinetics near the reversible potential region are more dependent on OF ion concentration. Examination of the simulated polarization curves in Fig. 8 and 9 indicate that Li/K, Li/Na/K, Li/Na, and pure Li (Li-rich) melts should yield the best kinetic performance (lower overpotentials) in this region, where fuel cells normally operate. Figures 10 and 11 show the effect of changing cation composition on the polarization curve in Li/K melts. In general, the electrolyte composition exhibits the same behavior in the presence or absence of dissolved oxygen outside of the diffusion layer region. Improved kinetics in the near-reversible are observed with increasing Li-content, whereas the limiting currents do not vary significantly. These results are in general agreement with one set of fuel cell performance data results for melts of various compositions (23) , however other analyses show discrepant results.
Finally, a sensitivity analysis similar to that reported earlier (24) was carried out for this system. The most sensitive parameters were found to be the apparent transfer coefficients, followed by the exchange current densities and the reaction rate constants; the least sensitive parameters were the diffusion coefficients of reacting species.
Conclusions
Mathematical modeling shows that the polarization curves for oxygen reduction in carbonate melts should be significantly affected by the concentrations of dissolved CO~ and O2 outside of the diffusion layer in the melt as well as by changes in the rates of the autocatalytic (02 + 2 O ~) and neutralization (CO2 + O-) reactions. Simulation for different cation mixtures indicates that melts with high Licontent should yield the highest kinetic rates.
At present, experimental observations for comparison with the model simulations in this work are generally lacking. It is hoped that experiments on microelectrodes and ultrathin porous electrodes in various carbonate melts currently in progress in the authors' laboratory will lend support to the conclusions drawn from this work. Texas A&M University assisted in meeting the publication costs of this article.
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APPENDIX
Derivation of Kinetic Expression for the Electrode Reactions
The kinetic rate equations for reactions [3] and [4] are derived separately and then combined to obtain the overall rate equation at the electrode. For example, to derive the rate equation for reaction [4] , the reaction is assumed to proceed by a sequence of elementary steps as outlined below O~+e-~O =+O-(rds)
[4a]
OF + 2e-~ 20 = [4] where Eq.
[3a] is taken to be the rate-determining step (rds). The following assumptions were made to facilitate the derivation of the kinetic expression for the current density; (i) the rates of the elementary steps prior to and after the rds are high enough to be in quasi-equilibrium;
(ii) the coverage of the electrode surface by adsorbed species is low, (iii) double layer effects are negligible, and (iv) the electrolyte behaves as an ideal solution.
The rate expression for the rds in Eq.
[4a] can be expressed by the equation
where V is the potential difference between the electrode and the adjacent solution
Application of the quasi-equilibrium assumption to Eq.
[4b] gives rise to the following expressions
which is substituted into Eq. -14] ~Coz:~d The corresponding current density expression for reaction [3] is given by Henry's constant for species i !j local current density due to reaction j, A/cm 2 Zo, j exchange current density due to reaction j at surface concentrations, A/cm 2 ioj,r~f exchange current density due to reaction j at reference concentrations, h/cm 2 i total current density, A/cm 2 Kj equilibrium constant for homogeneous reaction j in the bulk solution kb(j) backward rate constant for homogeneous reaction, j k~j) forward rate constant for homogeneous reaction, j k_j backward rate constant for reaction j on the electrode forward rate constant for reaction j on the electrode , flux of species i, moYcm2-s N number of species in the solution nj number of electrons transferred in reaction j p, partial pressure of component i in gas mixture, atm. R universal gas constant, 
